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SELECTED CONTROL ALGORITHMS FOR TIME VARYING, PERIODIC
SYSTEM S

Sum mary. The feasibility of application of selected algorithms for controlling unstationary
periodic systems was investigated. The prospective plant is a helicopter rotor . Sample

results of num erical simulation of controlling helicopter rotor blade are presented.

WYBRANE ALGORYTMY STEROWANIA NIESTACIONARNYCH UKLADOW
OKRESOWYCH

Streszczenie. W pracy dokonano przegladu algorytm éw sterowania uktadami
niestacjonarnymi okresowymi pod katem mozliwos$ci ich zastosowania do sterowania
wirniké6w noénych $migtowcéw. Przedstawiono wyniki symulacji komputerowej sterowania

ruchem topaty wirnika.

HEKOTOPbtE  AJirOPHTMbIl  ynPAB/IEH}#St
HECTAUHOHAPHbIMH,  IIEPHOfIHHECKHMH CHCTEMAMH

Pe3K)Me. B pe<t»paT» cnenaH o6aop a/iropHTMOB ynpaBneHHs
HSCTauHOHapHUx, nepH O fIH HecKH x cHCTen noflxonni”rHx nnx Hecyupix bhhtob
BepToneTow. [IpHBONnnTCli paay/ikTaTbi xonnioTepHoil chwwyAhuhh ynpaaneHHnN
nonacTH Hecynero bhHTa sepToneTa.

1. INTRODUCTION

Recently there is an increasing interest and a need for developing control strategies for
time varying systems. This is particularly clear in rotorcraft technology, where new design
concepts of rotor control are investigated. The helicopter rotor blade forms an aeroelastic
system operating in the vicinity ofresonance conditions, as blade flapping frequency is close
to the frequency of excitation. Even to achieve trimmed flight, rotor blades must perform
periodic motion (in rotating frame of reference) to suppress periodic excitations from

oncoming flow and to allow the variation of direction and the values of rotor loads.
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New concepts for controlling rotor blade motion, which are under development, like Higher
Harmonic Control, Individual Blade Control or latest "sm art structures" [1] create the need
ofcontrol algorithm s to operate for instance a tab mounted at the trailing edge of rotor blade
(Fig.l). Two kinds of control of helicopter rotor can be distinguish. The prim ary control
is applied to achieve the required flight condition. The additional control is utilized to
improve rotor behaviour.

In this paper the control algorithms applied in rotorcraft technology for additional control

are briefly reviewed and some new control algorithms proposed.

Fig.l. A tab mounted at the blade trailing edge for additional control
Rys. 1. Klapka umieszczona na krawedzi splywu topaty wirnika dla dodatkowego

sterowania

2. MATHEMATICAL FORMULATION

The aeroelastic system considered can be modelled by the set of nonlinear ordinary

(1)

differential equations periodic with respect to time

z =g (f*z,ii), g(tt,u)=g(t+Tz,u), T>0,

where: T - period of time, z - state vector, U - vector of control variables.

The system performs steady, bounded motion for nominal control. It is assumed that the

periodic motion of the system zD(t)is required and the control vector uB{t) is searched which

@

provides, that
for M, @M=OMBIO A ip wo)-z De

The required motion can be obtained from additional considerations like the requirements of
vibration reduction, stability augmentation etc, so the functions zD(f) need not fulfil the
equation (1).

The problem (2) can be reformulated as rejecting the disturbance. The disturbed motion
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x(t) of the system is defined as x(r) = z(t)-zD(t), and (1) is transferred to the form

x =f(tjc,u)+h(t), f(tx,u)=g(t~D+x,u), h(t)=-zB, ®)

The system (3) is also periodic with respect to time, but the required solution is x(t) = 0.
If the difference between required zD(t) and actual motion z(r) of the system is small, the

plant model can be approximated by the linearized equations:

X =A(r) x+B (flu+d (r), A = - d = - z 6+flf0,uj.
dx du

The well developed theoretical background exists for linear systems (4) , with constant
m atrices A, and B, and these cases are investigated the most frequently.
There are only a few methods oriented on solving control problem (2) for periodic system

(4) and almost none for nonlinear system (3).

3. CONTROL ALGORITHMS APPLIED

Up till now the concepts of additional control of helicopter rotor are based on excitation
of the blade or the tab motion with prescribed frequencies calculated mainly by optimal
control strategies minimizing the performance index

" (5)

7=1) (x'Qx+u'Ru)dt

t
The application of LQC/LQ G controllers in the frequency domain, global or local, closed
and opened loop is the mostcommon approach. Usually plant models considered are linear,
based on the assumption of detailed knowledge of behaviour of the plant. The transform ation
to the frequency domain allows to neglect the time dependence. This approach turned out
to be effective both in computer simulations and experiments. The evaluation of these
methods is presented in [2]. The extension of LQ C approach to time periodic systems are
presented in [4] for model following type of control. An attempt to use the linear
methodology to nonlinear case was successfully applied in [3] to suppress rotor blade
flapping by IBC .

uncontrolled
controlled

Fig.2. Suppression of helicopter rotor blade flapping via first harmonic excitation
Rys.2. Ttumienie wahan topaty wirnika w wyniku wymuszenia wymuszenia pierwszej

harmonicznej skoku topaty
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The sample results of computer simulations presented in Fig.2 prove the efficiency of this

heuristic approach.

4. STABILIZATION OFTHE MOTION

Controllability of the system (2) usually requires that the system is stable. Stabilization of
the system is the most frequently obtained by application of the linear feedback, in general

case, time dependent:

(6)
u=u-K(t)x

In such a case the system (4) can be written as

Xx=AL(D)z+B(tyu+d(t) A (t)=A (1)-B (1)K () )

In stationary case there are several methods allowing calculation of the constant feedback
m atrix K for which the system with matrix AL is stable.

For periodic systems the methods based on Floquet theory are applied. The fundamental

m atrix of homogenous part of periodic system, i.e. the plant witout control has the form

X (f)=G {t))e U'->>G (t0) ®)

where: matrix G (t) is periodic and matrix L is constant.
The periodic system can be transferred partly to constant coefficient form by transform ation

o f state variables

(9)
Z=G (t1)x(t)

but this transform ation does not remove periodicity inherent to control term.
The application of this approach was considered in [5] for constant feedback m atrix K
with a vector of measured quantities
(1%

y=Cx

The similar approach was presented in [6] where the nonstationary solution of the problem
was obtained via the second Liapunov method, allowing inclusion of some system
nonlinearity.

The moving horizon method based on continuous optimization of square quality index of
type (5) was proposed in [7] for obtaining the nonstationary matrix K (t) stabilizing
autonomous system. The approach suggested there utilizes the "forward" integration of
differential equation connected with the plant model, different from standard Riccati equation
approach. The properties of control algorithms of this type were investigated there, but no
examples of application of the algorithm was presented.

All the above described methods of stabilization need the knowledge of the system, i.e.

knowledge of the matrices A (t) and B(t), which can be difficult to obtain in practical cases.
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5. LEARNING CONTROL ALGORITHMS

In this study the feasibility of application of two learning control algorithms based on
inverse plant model is considered. These algorithms were m ainly developed for robotic cases.
The periodic system (4) can be treated as the description of error equation, (i.e.
description of difference between required and actual plant motion), which, due to structure
of matrix B (t) cannot be inverted in "normal sense”. The h(t) component in this case is the

time dependent disturbance, in general case, a bounded one.
In the first learning algorithm [8] the case h(t)=0 is considered. It was proved, that the

control exists, which fulfils the requirement (2). This control has the form

U=B ((x-A(t)x), B'=@'B) B" (1)

where A , and B are the estimates of matrices A and B.

In this approach the knowledge of derivative of states is needed for solving control
problem, which can cause some problems in constructing the control system.

The algorithm developed in [9] can be treated as extension of [8], where by considering
discrete time system, the requirements of measuring state derivative can be avoided. The
control proved to be efficient is in the form

(12)
Ui.i(*) =ut+kBi (*)t*i(fc+) A, (E)m*H)]

where: i - numbber of period, k-number of time moment within the period.
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Fig .3. Rejecting of the results of periodic excitation via application of learning control
algorithm
Rys.3. Eliminacja skutké6w wymuszenia okresowego przez zastosowanie "uczgacego sie"

algorytmu sterowania

In both cases estimations of the real matrices A(t), B(t) are needed. Such estimates are

obtained by for instance least square identification algorithms.
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The algorithm [9] applied to rotorcraft case gives promising results. The example of

application is shown in Fig.3.

6.

CONCLUSIONS

An attemptto find control strategy for rotating, aeroelastic system is undertaken. The time

dom ain, active control algorithms are considered and the results of application of some of

them presented.

BIBLIOGRAPHY

[1]

[2]

[31]

[4]

[51]

[6]

[71

[81

[91]

Narkiewicz J., Done G.T.S., "An Overview of Smart Structure Concepts for the
Control of Helicopter Rotor", Second European Conference on Smart Structures and
M aterials, Glasgow, October 1994.

Hall S R., Wereley N.M ., "Performance of Higher Harmonic Control Algorithms for
Helicopter Vibration Reduction"”, Journal of Guidance, Control and Dynamics, Vol. 16,
No.4, 1993.

Narkiewicz J.,"Individual Helicopter Rotor Blade Pitch Control in Time Domain”,
Archiwum Budowy Maszyn (The Archieve of Mechanical Engineering), 1994,
Vol.XLI, No.2.

M cKillip R.M .Jr.,"Periodic Model-Following for the Control Configured Helicopter",
Journal of the Am erican Helicopter Society, July 1991, pp. 4 - 12.

Calise J.A ., Wasikowski M .E., Schrage D .P., "Optimal Output feedback for Linear
Time -Periodic System s"”, Journal of Guidance, Control, and Dynamics, Vo l.15, No.2,
March -April 1992.

Pandiyan R ., Sinha S.C.,"Tim e - Varying Controller Synthesis for Structures
Subjected to Param etric Periodic Loadings"”, AIAA Papers, AIAA-94-1627-CP, pp.
2449 - 2459,

Kwon W .H ., Bruckstein A.M ., Kailath T.,"Stabilizing State- Feedback Design via the
Moving Horizon Method", Papers of IEEE Conference on Automatic Control, ?????
1982.

Oh S R., Bien Z., Suh I.H ., "An Iterative Learning Control Method with Application
for the Robot Manipulator",IEEE Journal of Robotics and Autom ation, Vol.4, No.5,
October 1988, pp. 508 - 514.

Park H .J., Cho H.S., "An iterative learning controller for hydraulic servo-system

subjected to unknown disturbances”, Journal ofSystems and Control Engineering, 1991.

Recenzent: prof.dr hab.inz.l.Swider

W ptyneto do Redakcji w grudniu 1994 r.



